Formation of Allopolyploids
Many plant species, including agronomically important plants like wheat and cotton, show evidence of polyploidy in their evolution (Leitch and Bennett, 1997; Pontes, 2004; Ozkan 2001; Kim 2008; Lim 2008; Schmutz, 2010; Leitch and Leitch, 2014) .
Polyploids contain duplicate copies of genomes from the same species (autopolyploids) or from different species (allopolyploids) (Comai, 2005; Chen, 2007) . While autopolyploid events involve increasing the copy number of a single genome, allopolyploid formations involves the union and multiplication of two or more distinct genomes (Leitch and Bennett, 1997; Wendel, 2000; Leitch and Leitch 2008) . Generally, organisms from different species do not produce viable hybrid offspring (Widmer et al., 2008) . However, species-specific fertilization mechanisms can be overcome if hybridization is followed concomitant to whole genome duplication (WGD) (Figure 1 ).
Pre-zygotic (aneuploid gametes) or post-zygotic (non-disjunction after fertilization in germ line tissue) duplication events provide genomic stability for successful interspecific hybridization between two related, yet distinct species (Leitch & Leitch, 2008) .
Allopolyploid offspring contain multiple copies of each progenitor genome, resulting in their reproductive isolation from either progenitor species (Comai, 2005; Chen, 2007) . 
Evolution and Gene Fate of Brassica napus
Approximately 20 million years ago (mya) Brassica diverged from Arabidopsis genera (Yang et al., 1999) . This was followed by a genome triplication event in the Brassica lineage approximately 16 mya, resulting in a hexaploid Brassica genus (Yang et al, 1999; Rana et al., 2004) . Slight genomic changes throughout the hexaploid Brassica genus resulted in the diversification of Brassica over evolutionary time, giving 3 rise to various species (Lysak et al, 2005) . Allopolyploidization between Brassica plant taxa reunites distinct progenitor genomes, resulting in new species such as Brassica napus (U, 1935; Becker, 1995; Song et al., 1995; Yang et al., 1999) .
The interspecific hybridization and WGD of Brassica rapa and Brassica oleracea results in the Brassica napus allopolyploid. Brassica napus plants contain 19 pairs of homologous chromosomes -9 pairs of chromosomes from genome "C" (B. oleracea), and 10 pairs of chromosomes from genome "A" (B. rapa) (Parkin et al., 1995) . Although newly formed B. napus plants contain the complete diploid genomes of progenitor species, subsequent genetic changes can alter genome structure and therefore affect the way in which traits are manifested in the allopolyploid.
Resynthesized Brassica napus and Genomic Reconfiguration
As a result of subgenome interactions, current B. napus plants contain altered gene doses and hybrid chromosomes (Lagercrantz, 1998) . In order to study the genetic mechanisms which gives rise to the current allopolyploid, scientists use a "resynthesized" form of B. napus, which contains the entire un-hybridized diploid genomes of both progenitor species (Gaeta and Piers, 2010) . Scientists use this form to better understand the genetic and epigenetic reconstruction processes which occur post-hybridization.
Resynthesized B. napus undergo massive genomic reconstruction during early generations, resulting in offspring with altered genome structure (McClintock, 1983; Wendel, 2000; Wang et al., 2004; Chen, 2007; Gaeta and Pires, 2010) . The high degree of homeology between subgenomes can affect chromosome pairing and subsequent recombination events during meiosis. Homeologous pairing and 4 recombination can result in the loss of a locus from a subgenome or changes in dosage between the two subgenomes (e.g. CCAA changing to CCCA) (Gaeta et al., 2007) .
A process referred to as "diploidization" is also responsible for the alteration of gene copy numbers. Diploidization is a process, which reduces gene redundancy, reverting the polyploid back to a diploid form (Wolfe, 2001) . Paralogs (genes within the same genome related by a duplication event) are lost due to the evolution of pseudogenes (essential loss of function) or, less commonly, by the evolution of new gene functions (Wendel, 2000; Adams, 2007; Buggs et al., 2012) . Altered gene dosage and genomic structure can result in the evolution and variation of phenotypic traits.
Flower Coloration Determined by Carotenoid Pigments
The flower color of Brassica napus presents an opportunity to study the interaction between subgenomes in an allopolyploid. Flower color variation was evident in the selfed progeny from a single B. napus parent, ranging from white to bright yellow. This variation is thought to be genetically based since all progeny were observed under controlled environmental conditions. Plants of the Brassica genera tend to have either white or yellow petals. This coloration is largely due to the presence or absence of carotenoid pigments -isoprenoid compounds responsible for the yellow to red coloration in many plant tissues . The accumulation of carotenoid pigments in chromoplasts of petal cells results in the yellow coloration of flower petals. However, when the enzyme CAROTENOID CLEAVAGE DIOXYGENASE 4 (CCD4) degrades carotenoids, the color intensity decreases, resulting in pale yellow or even white plant tissue (e.g. petals) (Auldridge et al., 2006; Yamamizo et al., 2010; Adami et al., 2013; Gonzalez-Jorge et al., 2013) . In 5 chrysanthemum, functional alleles of CCD4 are associated with white flowers and lossof-function alleles of CCD4 are associated with yellow and red flowers (Ohmiya, 2013) . 
Growth Conditions and Selfed Lineages
Seeds were planted in Miracle Gro Premium Potting Mix® soil and topped with vermiculite at California Polytechnic State University, San Luis Obispo, CA, USA. Plants were watered and treated with a pesticide (Adept, OHP Inc., Mainland, PA, USA) and were exposed to an 12 hour photoperiod (6AM -10PM) under white fluorescent light.
Approximately 3 weeks post-germination, individuals were transplanted into larger pots and either remained in the plant room or relocated to the greenhouse at California Polytechnic State University, San Luis Obispo, CA, USA. All plants were self-pollinated as previously described by Gaeta et al. (2007) . Viable seeds were collected from each plant. Seeds from a select group of individuals were planted for the S 2 generation. 
Petal Color Analysis
Fully open blossoms flowers were collected from controls (TO1000, IMB218, resynthesized B. napus), select S 1 individuals (1.1, 14.1, 2.5, 9.1, 28.3), and their progeny (S 2 ) for petal analysis. Petals were taped down with scotch tape onto blue stationery and scanned (with a Canon ImageRunner Advance 6065) immediately after collection. Yellow "sticky-notes" from a single pad were used throughout petal collections as a control reference to ensure uniform color scans. The same Scotch® tape and blue stationery paper was used consistently throughout petal analysis. RNA seq datasets are available for B. oleracea (Yu et al., 2014) and B. rapa (Tong et al., 2013) . Expression of both CCD4 orthologs from each species were determined for six tissues in the case of B. oleracea and 8 tissues in the case of B. rapa. Results were plotted using RStudio (Version 0.98.507, 2013). procedures. An ortholog was determined present with at least one successful detection of expected bands by gel electrophoresis; an ortholog was determined missing if it went undetected during two or more separate replications of genotyping experimentation.
All four CCD4 orthologs were detected in S 0 (TW78.6) and S 1 individuals (Table   1 ). Progeny of S 1 individuals were genotyped for the same CCD4 gene family members (Table 2 ). Only two progeny of the yellow-flowering 2.5 lineage lacked an ortholog, namely Bo.CCD4.a. 
CCD4 Expression
Expression of CCD4 orthologs was examined using published RNAseq datasets.
In both B. rapa and B. oleracea, one ortholog of CCD4 is expressed while the other is mostly silent (Figure 9 ). The highly expressed orthologs are Bra013378 (Br.CCD4.a) and Bol009345 (Bo.CCD4.a). Little CCD4 RNA is detected in roots in either species.
CCD4 RNA is detected in leaf, flower, silique, and callus. Resynthesized B. napus exhibited distinct, non-additive petal color phenotype when compared to progenitor species. The midparent value from progenitor specie phenotypes was significantly different than the allopolyploid phenotype. In the resynthesized B. napus analyzed here, the B. oleracea orthologs appears to be partially epistatic to the B. rapa orthologs. These findings suggest that, at the CCD4 locus, the C subgenome is genetically dominant or has significantly higher expression than the A subgenome in B. napus.
Subgenome dominance appears to be a common phenomena among polyploid plants. In a typical polyploid, one subgenome (the "dominant" subgenome) will have higher expression and greater gene retention, while other subgenomes are silent and subject to pseudogenization and gene loss (Cheng et al, 2012 
Genotype of CCD4 Loci
Despite flower color variation, individuals did not significantly vary genetically at CCD4 loci. All four CCD4 orthologs were detected in almost all individuals (S 0 , S 1 , and S 2 ). These results suggest large genetic changes at the CCD4 loci are not responsible for variation in flower color. Genetic markers were not dosage sensitive; partial loss/gain or mutations in CCD4 orthologs could explain some petal color variation.
Pyrosequencing or dosage-sensitive genetic markers for CCD4 orthologs may reveal a genetic basis for petal color variation in B. napus.
Expression of CCD4 orthologs
Although various genetic changes due to mutations and chromosomal translocations can explain gene gain/loss, differences in gene expression contribute to an additional layer of how a phenotype is manifested in an allopolyploid. New allopolyploids are believed to undergo massive epigenetic reconfigurations, including altered methylation, acetylation, and chromatin patterns/configuration (Chen, 2007; Ha et al., 2009) . Epigenetic changes are thought to occur rapidly and/or stochastically in new Arabidopsis allopolyploids (Wang et al., 2004 To investigate the role of genomic imprinting of pollen and egg donor genomes, genotypic and expressional data should be compared to reciprocally resynthesized B.
napus lines.
